The ends of chromosomes contain repeats of guanine-rich sequences that can assume highly compact conformations and are presumed necessary for their biological role in chromosomal stabilization and association. We have investigated the conformational behavior of d(G3T4G3) as a function of the addition of either KCI or NaCl, in the concentration range of 50-200 mM, by using a spectrum of physical techniques and conclude that these salts induce a quadruplex species composed of two strands, each in a hairpin conformation. When salt is added, a large positive signal appears near 290 nm in the CD spectra. UV thermal denaturation curves show a single concentration-dependent transition and provide data for quantitating the thermodynamics of quadruplex formation. In electrophoresis experiments, the quadruplex structure migrates as a single species and more rapidly than the unstructured single strand. NMR spectra in the presence of KCI or NaCl indicate that the structure formed is asymmetric. Equilibrium ultracentrifugation studies confirm that these quadruplexes are composed of two strands of d(G3T4G3). Possible models for this structure are discussed.
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The ends of chromosomes, termed telomeres, contain a single-stranded 3' overhang composed of repeats of guaninerich sequences, such as d(G4T4) and d(G4T2). Telomeric DNA sequences can take on highly compact conformations that are presumed necessary for their biological role in chromosomal stabilization and association (1) (2) (3) . Such structures often entail hairpin or fold-back forms involving one or two strands of G-rich DNA (4). Hastie and Allshire (5) have discussed the possible role of quadruplex structures in recombination, and Sen and Gilbert (6) have described four-stranded guaninerich structures (G4 DNA) formed by several telomeric sequences. Furthermore, there is evidence that G-rich runs in immunoglobulin switch regions may form four-stranded quadruplex structures (7) . Guanine-rich sequences have also been found in gene promoter regions (8, 9) .
In all of these unusual forms, the fundamental structural unit-the guanine quartet-is composed of four guanines arrayed in a square planar configuration. Each guanine interacts with each of the two adjacent guanines through two Hoogsteen-like hydrogen bonds. The simplest system potentially capable of guanine quartet formation consists of guanine nucleosides or nucleotides, solutions of which have long been known to form gels (10) . Recently, Lipanov et al. (11) have obtained crystals of Na25'-GMP. Preliminary x-ray analysis has revealed a helical pattern that can be interpreted in terms of a quadruple helix made up of three guanine quartets. Earlier reports have also appeared describing parallel four-stranded structures for poly(G) and poly(I) (12) . In the last 5 years, several telomeric sequences have been studied using physical and structural methods (13) (14) (15) (16) (17) (18) . Henderson et al. (15) have examined a variety of sequences with enhanced electrophoretic mobility that exhibited low-field exchangeable protons in the NMR spectra, indicating the presence of GIG base pairing. In addition, their twodimensional NMR data provided evidence for the presence of both syn and anti conformations for the nucleosides. Jin et al. (16) have described several quadruplexes composed of deoxynonanucleotides. NMR evidence was also presented for Hoogsteen-like interactions and thermodynamic measurements indicated that these were four-stranded structures.
Hardin et al. (17) have investigated several telomeric sequences using NMR, CD, and UV thermal denaturation measurements. They observed that hairpin and four-stranded structures were preferentially stabilized by different cations. Wang et al. (18, 19) have carried out two-dimensional NMR studies on several deoxynonanucleotides and demonstrated the presence of Hoogsteen interactions involving both imino and amino protons of guanine along with alternating syn and anti conformations within each strand. Their NMR data were consistent with either a four-stranded structure or a dimeric hairpin structure, but unequivocal discrimination between these forms was not possible. Two studies have appeared very recently on the sequence d(G4T4G4), derived from the G4T4 repeat from Oxytricha. The reported x-ray diffraction study of a telomeric sequence, carried out on a sample crystallized from a solution containing KCI, MgCl2, and spermine, led to a symmetric dimer hairpin structure in which the thymine loops lie at opposite ends, with the guanine quartets at the center (20) . The planes containing the two loops are parallel to each other in this structure. In contrast to this arrangement, NMR analysis of the same sequence, in NaCl solution, resulted in a symmetric dimeric hairpin structure in which the planes of the two thymine loops are mutually perpendicular (21) .
In this report, we describe an asymmetric quadruplex structure for d(G3T4G3) induced by the 
where Aba.e is the baseline absorbance arising from optical artifacts, Ar0 is the absorbance at a radial reference distance row c is the angular velocity, R the gas constant, and T the absolute temperature. The reference radial distance ro was set to a radial position two-thirds of the column height. Data were fitted to this equation by nonlinear regression.
NMR Studies. NMR experiments were carried out on a 500-MHz General Electric GN-500 spectrometer equipped with an Oxford Instruments magnet and a Nicolet 1280 computer. Solvent suppression was achieved with a 1a3T pulse sequence while recording the proton NMR spectra of samples in 85% H20/15% 2H20. A pulse repetition time of 5 s and interval delay of 109 Aus were used.
RESULTS
Absorbance Spectroscopy. The UV absorbance spectrum of d(G3T4G3) undergoes a hypochromic change below 285 nm and a hyperchromic shift above 285 nm in the presence ofKC1 or NaCl (data not shown). A single isosbestic point, present at 285 nm during the titration, suggests the presence of only two species during the titration. The change in absorbance due to addition ofKC1 appears to be complete by 100 mM KCl whereas that induced by NaCl is complete by 125 mM NaCI.
UV melting analysis of d(G3T4G3) in the presence of 100 mM KC1 or NaCl reveals a cooperative monophasic melting transition around 40 or 300C, respectively. Fig. 1A shows the first derivative plots of the melting profiles. In the absence of KCI, no melting transition could be seen. It is also evident that the melting temperature increases with increasing oligonucleotide concentration. Self association in the presence of monovalent cations through quadruplex formation has been reported for similar sequences with G-rich repeats (13) (14) (15) (16) (17) (18) . The difference in the melting temperature for the two systems is consistent with the previous observations that K+ is a better stabilizing cation than Na+ for quadruplex structures (4, 6, 17) .
Thermodynamic Analysis. The thermodynamics of quadruplex formation were determined from the concentration dependence of the thermal denaturation of d(G3T4G3) in presence of salt, as described above. Fig. 1B shows a CD. Fig. 2 shows that formation of the KCl-induced quadruplex in d(G3T4G3) is accompanied by the appearance of a strong positive peak in the CD spectrum at 290 nm. The presence of a peak at 290 nm in these spectra is similar to that reported for other sequences that can exhibit a quadruplexlike structure under certain conditions (16) . The spectral changes were complete by 100 mM KCl. Similar results were observed for NaCl, except that complete conversion of the spectrum required 125 mM NaCl (data not -shown).
Electrophoresis. A preliminary electrophoresis experiment on d(G3T4G3) in the presence of 100 mM KCl on nondenaturing polyacrylamide gels revealed that the oligomer migrates faster than other single-stranded oligodeoxynucleotides, such as d(T10) and d(C3T4C3) (data not shown). We extended these studies using capillary electrophoresis as a faster more convenient technique. Fig. 3 shows the electropherogram for d(G3T4G3) in the presence of increasing concentrations of KCl. Since the migration time for all species changes when the salt concentration changes, a marker, d(T10), was used in these experiments and the figure displays the migration time of various species with respect to that of the marker, which has been arbitrarily set to 19 min. It can be seen from the figure that, in the absence of KCl, the unstructured oligomer migrates a little faster than d(T1O).
Addition of KCl results in the appearance of a new peak that migrates even faster. As the concentration of KCl is increased, the intensity of this peak increases with a corresponding decrease in the intensity of the peak for the singlestranded species. At =100 mM KCl, the peak corresponding to the single-stranded species disappears completely. In solutions containing 100 mM or more KCl, the faster moving species of d(G3T4G3) migrated as a single sharp peak. It can also be seen from the figure that as the concentration of salt is increased, there is an increase in the separation between the two species and between the marker and the two species. Similar results were observed upon addition of NaCI.
An ial Ultracenrifugation. Equilibrium sedimentation experiments were run on the unstructured oligonucleotide as well as both K+-and Na+-induced quadruplex structures, and results are presented in Fig. 4 Radial position (cm) molecular weight using a typical value of0.55 ml/g (24) , along with a solution density of 1.005 g/ml. The results are molecular weights of 3336 for the unstructured strand and 6808 for the KCl-induced quadruplex. These results clearly demonstrate that the quadruplex molecular weight is very close to twice that of the unstructured strand, demonstrating that this structure represents a dimer. Also, there is no apparent trend of increasing molecular weight with increasing oligonucleotide concentration, which suggests no tendency to associate into higher-order structures. Experiments in NaCl were carried out only at 3 ,uM strand concentration, with a somewhat lower molecular weight of 5983 (average of two runs, 5727 and 6236). This lower molecular weight may be due to the lower thermal stability of the NaCl-induced quadruplex that at 200C may exist as a mixture of one-and two-stranded forms.
NMR Studies. The addition of salt resulted in dramatic changes in the NMR spectrum of d(G3T4G3). Fig. 5 displays the NMR spectra of this oligonucleotide in the absence ofany salt and in the presence of KCl or NaCl. The exchangeable proton region does not show any resonances in the presence of Tris alone. But on addition of KCl or NaCl, a number of well-resolved sharp resonances appears between 10.9 and 12.1 ppm. These resonances belong to the hydrogen-bonded imino protons formed in the presence of KC1 or NaCl, according to the guanine quartet structure displayed in Fig.  6 . These new exchangeable proton resonances disappeared on increasing the temperature above 60TC. Decreasing the temperature to 20C results in the appearance of two broad resonances between 9 and 10.5 ppm. For NaCl, the 10.5 ppm resonance could be seen even at 20TC. These peaks probably arise from thymine imino protons in the loop region. Fig. 5 also presents the aromatic proton region ofthe NMR spectra that shows a doubling of peaks upon addition of KC1 or NaCl. The KCl-induced changes in the NMR spectrum were complete as the KCl concentration reached 25 mM; further addition of KCl led to significant line broadening. A somewhat higher NaCl concentration (50 mM) was found to be necessary to achieve completion. It is evident that the resonances in the imino and the aromatic regions are more dispersed in the presence of NaCl compared to KCL. methyl region, addition of KCl leads to a doubling of all four peaks, whereas in the presence of NaCl, only some of the methyl peaks appear doubled (data not shown KCl or NaCl. The capillary electrophoresis experiments provide evidence that a single compact species is formed, at least at optical concentrations. More definitive evidence of the dimer structure is obtained from ultracentrifugation experiments. It is clear from our data that the buoyant molecular weight of the quadruplex is equivalent to two strands of d(G3T4G3) and, hence, represents a two-stranded rather than a four-stranded structure. We have not measured the partial specific volumes, which may be different for the unstructured and quadruplex species. They may also differ in molecular weight due to differences in bound cations. For these reasons, accurate masses are not yet available. Nonetheless, the evidence in favor of a two-stranded structure is very strong.
The proton NMR spectrum of d(G3T4G3) in H20 in the presence of Tris alone does not shown any resonances in the exchangeable proton region, whereas the aromatic and methyl proton regions show 10 and 4 resonances, respectively, as expected for d(G3T4G3) in an unstructured conformation. But in the presence of KCl or NaCl, the exchangeable proton region shows 12 well-resolved sharp resonances between 10.9 and 12.1 ppm due to the hydrogen-bonded guanine imino protons. A single guanine quartet will have four imino protons engaged in Hoogsteen-type hydrogen bonding. Based on this, the 12 imino resonances in the presence of salt indicate that these protons are magnetically nonequivalent, implying that the underlying structure is asymmetric. The aromatic proton region shows a doubling of the number of resonances on the addition of salt, again indicating the lack of symmetry. The sharpness of the resonances is expected for a compact dimer species. Preliminary two-dimensional NMR experiments indicate that half of the guanines are in the syn conformation, consistent with previous reports (18) (19) (20) (21) .
Although all of our data strongly support a single asymmetric dimer, it is possible that the system is composed oftwo symmetric dimers with different NMR chemical shifts but behaves identically in all other experiments. We feel this is highly unlikely, since NMR spectra recorded at different temperatures showed no change in the relative intensities of the various resonances.
Having established the molecularity of the complex, we were able to determine the thermodynamic parameters for formation of the quadruplex structure from the concentration dependence of the melting temperature. The results provide a quantitative indication of the greater stability of the KClinduced structure compared to the NaCl-induced form. Even though d(G3T4G3) exists as a hairpin dimer in the presence of KCl and NaCl, there are some obvious differences in their NMR spectra. This may be due to differences in the geometry and orientation of the bases when bound to these cations, rather than any major topological differences.
The fact that both K+ and Na+ stabilize hairpin dimer structures is of interest in light of evidence for a Na-K switch governing the molecularity of quadruplex structures. Sen and Gilbert (6) have shown that several telomeric sequences can form four-stranded structures in the presence of Na+ but prefer more compact foldback structures in the presence of K+. It appears that the overall molecularity of the structure formed by d(G3T4G3) is the same in both Na+ and K+. It is of interest to note that a closely related sequence, d(G2T5G2), has been reported to form a four-stranded quadrupled in the presence of Na+ (16) . It is apparent that sequence plays a major role in determining the overall structure in these systems.
One important feature common to both salt-induced structures of d(G3T4G3) is their asymmetry. Some of the possible arrangements of two hairpins are presented in Fig. 6B , of which structures I and f are asymmetric. This is ofparticular interest in light of the recent reports (20, 21) on the solution and crystal structure of a closely related sequence, d(G4T4G4). Whereas both of those structures were observed to be symmetric, they are different in their topology. Thus, the x-ray crystal structure of d(G4T4G4) reveals a symmetric dimeric hairpin as shown in Fig. 6B , structure HI, and the symmetric NMR structure resembles that shown in Fig. 6B , structure IV. With the asymmetric conformations illustrated in Fig. 6B , structures I and H, it is apparent that these G-rich sequences can assume a wide variety of structures. One major goal of future work should be to understand the role of sequence and cations in determining which ofthe many forms is the most stable.
